We demonstrate experimentally that strongly absorbing chalcogenide thin films can support long range surface polaritons. Moreover, the possibility to change the phase of this material allows us to investigate the influence of the permittivity of the thin film on the surface modes. We demonstrate the relative insensitivity of these modes to the permittivity of the thin film. Extending the range of materials that support long range surface polaritons to strongly absorbing layers opens new possibilities for applications that were thought to be limited to weakly absorbing media.
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Surface polaritons are electromagnetic waves propagating at the interface between two media. The electromagnetic field of surface polaritons decays exponentially with distance from the interface. When a thin film is embedded in between two similar dielectrics, two surface polaritons can be excited on both interfaces of the film. These surface polaritons are coupled, and their degeneracy is lifted if the film thickness is small enough. These surface waves have been intensively investigated in thin films of noble metals, such as gold and silver, 1-5 and several applications have been proposed. 6 Extending the range of materials used to support surface waves could lead to a broaden spectrum of applications, such as sensors and waveguides. In this article, we study the excitation of surface polariton modes in thin films of strongly absorbing materials, demonstrating that these modes can be supported independently of the value of the real part of the permittivity of the thin film.
Only modes with a wave number inside the light cone are supported at the interface between a nonlossy and a lossy dielectric. However, the coupling of these modes at the opposite sides of a thin film of lossy dielectric surrounded by a nonlossy dielectric gives rise to surface modes with a dispersion relation outside the light cone. These modes, which can propagate a long distance along the thin film, are called long range surface polaritons ͑LRSPs͒. [7] [8] [9] There are only a few works on these LRSPs, most probably because of the uncommon conditions for their existence: ͉⑀ r ͉ Շ ⑀ i and ⑀ i ӷ 1, being ⑀ r and ⑀ i the real and imaginary components of the permittivity of the thin film. Kovacs 7 demonstrated that LRSPs can be excited onto an iron thin film by the attenuated total reflection method. Yang et al. 9, 10 showed that a thin film of Vanadium can support surface waves in the infrared. More recently, Giannini et al. 11 have demonstrated that LRSPs can be excited on a silicon thin film in the UV-visible range. Here, we investigate LRSPs supported by chalcogenide Ge 17 Sb 76 Te 7 ͑GST͒ thin films at visible frequencies. The phase of this material can be changed between a crystalline ͑c-GST͒ and amorphous ͑a-GST͒ phase by varying temperature. A phase change also strongly modifies the permittivity of the thin film. This property is the reason why chalcogenide materials are commonly used in optical memory devices and electronic solid state devices. 12 In Ref. 9 , it was pre-dicted that LRSPs supported by very lossy materials are insensitive to changes in the real part of the permittivity. By taking advantage of the different phases in GST, we demonstrate this prediction.
The investigated sample is composed of a substrate of Schott F2 glass with a permittivity ⑀ = 2.62 at = 600 nm. On top of the substrate, we have deposited by electron beam sputtering a 370 nm layer of silica and a 19 nm layer of GST. The thickness of the silica layer has been determined from a side-view scanning electron microscope image of the cleaved sample made after the optical measurements. The thickness of the chalcogenide thin layer in its amorphous phase has been obtained by x-ray reflectometry. The roughness of the two interfaces of the GST thin film, estimated from the x-ray reflectometry, is 4 nm. We used a liquid ͑Cargille Laborato-ries͒ to match the refractive index of the SiO 2 top layer in order to have a symmetric medium surrounding the thin film. Refractive indices of the matching index liquid and of the silica layer have been determined by ellipsometry measurements. The difference between the two indices is less than 0.01 in the range of investigated wavelengths. The attenuated total reflection ͑ATR͒ method 1 was used to excite the surface mode ͑see Fig. 1͒ . In this method, a prism of F2 glass, index matched to the sample substrate, is used to illuminate the F2-SiO 2 interface at an angle larger than the critical angle for total internal reflection. The evanescent transmitted amplitude can couple to LRSPs at the resonant wavelengths and angles, leading to a reduction in the reflection. We measured a͒ Electronic mail: c.arnold@amolf.nl. the specular reflection on the F2-SiO 2 interface by varying the angle of incidence of a beam at optical frequencies. The experiments were done with a computer controlled rotation stage set-up that allowed the simultaneous rotation of sample and detector. The light source was a collimated beam from a halogen lamp ͑Yokogawa AQ4303͒, and we used a fiber coupled spectrometer ͑Ocean Optics USB2000͒ to measure the reflection. First, we measured the reflection on the sample having GST film in its amorphous phase. Then, the sample was heated up at 250°C during 30 min in order to change the GST layer in its crystalline phase. Finally, we reiterated the reflection measurements on the sample having the GST thin film in its crystalline phase. The references for these measurements were obtained by measuring the reflection for each phase of the GST thin film of s-polarized light incident at an angle larger than the critical angle, i.e., reflectance close to 1. Figure 2 displays the permittivity of the crystalline ͑c-GST͒ and the amorphous ͑a-GST͒ chalcogenide thin film, which have been determined by ellipsometry measurements. The imaginary component ͓Fig. 2͑b͔͒ is large for the two phases and has a similar value around 600 nm. The largest change between the two phases concerns the real part of the permittivity ͓Fig. 2͑a͔͒: whereas c-GST has a metallic character ͑⑀ r Ͻ 0͒, a-GST is an absorbing dielectric above 500 nm ͑⑀ r Ͼ 0͒. Figure 3͑a͒ shows the reflectance of p-polarized light measured on the a-GST sample. A reduction in the total internal reflection in the prism is clearly visible near 65°. This resonance appears after the critical angle, which is around 63.7°. The minimum of reflection is almost zero ͑5%͒, revealing the very efficient coupling of the incident light to LRSPs. Figure 3͑b͒ displays the reflectance of the c-GST sample. The resonance is similar for the two phases of GST in terms of linewidth, resonance angle and coupling efficiency. This is better seen in Fig. 4 , which displays the reflectance as a function of the angle at = 600 nm for both phases. The linewidths of these resonances are 1.3°for c-GST and 1.7°for a-GST. The difference on the resonance angle between the two phases is 0.2°. The difference in the reflectance at smaller angles than the critical angle confirms the different permittivity between the two phases of the thin film. The curves with symbols in Fig. 4 are fits to the measurements for the two phases calculated by solving the Fresnel's equations for the multilayer structure. The only ad-justed parameter in the fits is the thickness of the thin film. The permittivities of each layer of the sample were fixed to the values obtained from ellipsometry measurements. From the fits, we obtain an amorphous layer with a thickness of 22.5Ϯ 0.5 nm and a crystalline layer of 20.5Ϯ 0.5 nm. It is reasonable to think that the change in phase can slightly modify the thickness of the layer, as it has already been reported on different phase change materials. 13 The small shift of the resonance is thus partly due to this variation in thickness. The thickness of the amorphous GST thin film that we obtained from the fits is in reasonable agreement with the value of 19 nm obtained by x-ray reflectometry. The origin of the small discrepancy of 3.5 nm between both measurements is unclear. Figure 5 shows the dispersion relation of the LRSPs, i.e., =2c / versus k ʈ =2n SiO 2 sin / , for both phases. These dispersion relations have been obtained from the measurements of Fig. 3 , from the minima in reflectance at each wavelength. The dot-dashed line is the light cone in silica. This figure reveals the similarity of the modes despite the large difference in the permittivity of the thin film.
To go further in the analysis of guided modes supported by thin layers, we have calculated the effective index and propagation length in the three layer system silica/thin film/ silica. Figure 6͑a͒ represents the effective index at = 600 nm of p-polarized modes for a film with a thickness of 20 nm as a function of its permittivity. These results have 
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Arnold, Zhang, and Rivas Appl. Phys. Lett. 96, 113108 ͑2010͒ been obtained by looking for the poles of the reflection coefficient on this system. The x-axis defines the real component of the permittivity of the thin film ⑀ r , whereas the y-axis is the imaginary component ⑀ i . We can first notice that almost any material can support surface waves in this configuration. Only a small range of permittivities defined by the following relation ⑀ r 2 + ⑀ i 2 Ͻ ⑀ SiO 2 · ⑀ r and marked with the white area close to the origin on Fig. 6 do not support any surface mode. 9 The square and circle in Fig. 6 represent the a-GST and c-GST thin films at = 600 nm.
, the wave vector of the mode k = k r + ik i is reduced to the expression
where k 0 is the vacuum wave vector and d 2 is the thickness of the thin film. This expression is only valid in the thin film limit, i.e., when ␣ = ͉ 1 2 k Ќ,tf ·d 2 ͉ Ӷ 1, being k Ќ,tf the normal component of the wave vector inside the thin layer. 9 We can notice that the effective index of the modes, n r = k r / k 0 , becomes independent of the permittivity of the thin film when this is large enough. We can clearly see this trend in the exact calculation of Fig. 6 for a wide range of permittivities, where the value of the effective index is around 1.477, which is the value that we obtain with Eq. ͑1͒. We point out that the permittivity of the GST material is in the range of values for which the effective index of LRSPs is nearly unaffected by changes on this permittivity, which is in agreement with the measurements. Moreover, in the case of very lossy thin film, i.e., when ⑀ i 2 ӷ ⑀ r 2 , k i in Eq. ͑1͒ reduces to k 0 ⑀ SiO 2 3/2 / ⑀ i . In this case, neither the real part, nor the imaginary part of the wave vector of the surface polaritons depends on ⑀ r . We can also notice that k i is inversely proportional to ⑀ i , so the propagation length of the surface mode, given by L p =1/ ͑2k i ͒, increases as the loss in the thin film increases. 8 Figure 6͑b͒ represents the exact calculation of L p normalized to the wavelength, for the same range of permittivities as in Fig. 6͑a͒ . We can indeed see that the propagation length increases with ⑀ i , when ⑀ r Ӷ ⑀ i Շ 20. However, between ⑀ i ϳ 20 and 30, the propagation length seems to be nearly constant and for ⑀ i Ͼ 30, L p decreases as ⑀ i increases. This discrepancy with the analytic expression of Eq. ͑6͒ is due to the fact that we are not in the thin-film limit approximation anymore. For instance, for ⑀ =20i, the value of the parameter ␣ is equal to 0.5. It is worth noticing that for a thickness of 20 nm, both the effective index and the propagation length of LRSPs are relatively insensitive to the permittivity of the thin film on a wide range of permittivities. We emphasize that this situation can be found at any wavelength by adjusting the thickness of the thin film.
In conclusion, we have shown that a 20 nm thin film made of chalcogenide GST material can support LRSPs in the visible. By changing the phase of this material, we have also investigated the dependence of surface modes supported by lossy thin films with their permittivity. We have demonstrated the relative insensitivity of the mode with the real component of the permittivity of the thin film, even if the thin-film approximation is not fulfilled.
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